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Abstract
Stroma mediated wound healing signals may share similarities with the ones produced by
tumor’s microenvironment and their modulation may impact tumor response to the various
anti-cancer treatments including radiation therapy. Therefore we conducted this study, to
assess the crosstalk between stromal and carcinoma cells in response to radiotherapy by
genetic modulation of the stroma and irradiation. We found that fibroblasts irrespective of
their RhoB status do not modulate intrinsic radiosensitivity of TC-1 but produce diffusible
factors able to modify tumor cell fate. Then we found that Wt and RhoB deficient fibroblasts
stimulated TC-1 migration through distinct mechanisms which are TGF-β1 and MMP-medi-
ated respectively. Lastly, we found that simultaneous irradiation of fibroblasts and TC-1 ab-
rogated the pro-migratory phenotype by repression of TGF-β and MMP secretion. This last
result is highly relevant to the clinical situation and suggests that conversely to, the current
view; irradiated stroma would not enhance carcinoma migration and could be manipulated
to promote anti-tumor immune response.
Introduction
Wound healing and carcinogenesis are defined as complex, adaptive processes which are con-
trolled by intricate communications between the host and the tissue microenvironment. Dur-
ing a normal wound healing process, regeneration and repair of a wound, depends on a variety
of signals which coordinate the response to injury. These processes entail cell proliferation, sur-
vival, and migration which are controlled by growth factors, cytokines as well as inflammatory
and angiogenic signals. These signals are derived from multiple intra and extracellular compo-
nents embedded in the microenvironment of wounds and are also involved in cancer. There-
fore, a number of phenotypic similarities are shared by wounds and cancers in cellular
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signaling and gene expression. These similarities between wound healing and carcinogenesis
were first recognized by Haddow, and the notion that ‘cancer are wounds that do not heal’ was
defined by Dvorak [1, 2].
Radiotherapy is the second most effective modality of cancer treatment after surgery and
can be used, either alone or in combination with chemotherapy. The main anti-tumor effect of
radiation therapy is the induction of tumor cell death but recent findings suggest that radio-
therapy also rapidly and persistently modifies the tissue microenvironment. These modifica-
tions affect cell phenotype, tissue metabolism, bidirectional exchanges and signaling events
between cells [3]. While there is evidence indicating that these changes might contribute to the
antitumor effects of radiotherapy, some clinical and experimental observations indicates that
irradiated stroma might exert tumor-promoting effects [3]. MH. Barcellos-Hoff’s Group has
indeed shown a major contribution of TGF-β1 produced by irradiated stroma to carcinogenesis
[4–6] and high dose of radiotherapy are known to stimulate TGF-β1 production [7]. TGF-β1 is
the prototype of pro-wounding molecules shown to be the main inducer of reactive stroma, by
not only affecting chemotaxis of fibroblasts, but also their trans-differentiation into reactive
fibroblasts, termed myofibroblasts [8]. TGF-β1 also regulates epithelial phenotype and has
been especially described as a potent stimulatory molecule during the late phase of carcinogen-
esis and metastasis dissemination.
Beside TGF-β1 signal, the contribution of the Rho pathway to radiation response has been
proposed by our group and others [9]. Rho GTPases are a family of signaling mediators impli-
cated in regulating cytoskeletal dynamics, motility, cell division, and transcriptional regulation.
More specifically, RhoB expression is increased by a variety of extra-cellular stimuli which in-
clude irradiation, epidermal growth factor (EGF) and transforming growth factor β (TGF- β)
[7, 10]. Most Rho proteins are modified by the covalent attachment of a geranylgeranyl group,
but RhoB can exist in either a geranylgeranylated (RhoB-GG) or a farnesylated (RhoB-F) form.
RhoB-F localizes to the cell membrane, modulates actin cytoskeleton, activates nuclear factor
kappa B and promotes cell growth [11–13]. In contrast, RhoB-GG localizes to endosomes and
induces cell apoptosis [11]. A role for RhoB in TGF-β induced cell responses (such as epitheli-
al-mesenchymal transition (EMT) and apoptosis ) was suggested by a series of DNAmicroar-
ray studies, which showed that RhoB expression was upregulated by TGF-β in a variety of cell
types such as keratinocytes, mouse mammary gland epithelial cells, hepatoma cells, and dermal
fibroblasts [14]. TGF-β also stimulates actin stress fiber formation in Ras-transformed cells in a
way which is associated with upregulation of RhoB [15, 16]
In the present study, our hypothesis was that scarring signals including TGF-β and RhoB
that are activated by irradiation in the stroma could enhance tumor aggressiveness after radia-
tion therapy. Therefore, RhoB deficiency would indirectly enhance anti-tumor effect of radia-
tion therapy. To investigate this crosstalk, we used in vitro a co-culture model consisting of
lung carcinoma cells and lung primary fibroblasts. We also used RhoB deficient fibroblasts to
assess our hypothesis. Interestingly we found that the intrinsic radiosensitivity of carcinoma
cells was not modulated by paracrine factors secreted either by Wt or RhoB-/- fibroblasts. Irra-
diation of fibroblasts stimulated migration of carcinoma cells but simultaneous irradiation of
carcinoma and fibroblasts repressed the secretion of these pro-invasive signals by fibroblasts.
Materials and Methods
1- Cells
C57BL6 (Wt) and RhoB-/- mice [16,17] were used to isolate primary lung fibroblasts by enzy-
matic digestion (collagenase/trypsin) and cells were subcultured in DMEM +Glutamine with
20% foetal calf serum (FCS), 50U penicillin /streptomycin, 1% Hepes,10mg EGF, ITS. RhoB
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deficiency was controlled and monitored by genotyping and western-blot. C57BL6 mice were
purchased from Charles River laboratories, RhoB mice were obtained from Pr Prendergast GC
laboratory. Mice were maintained in the animal care facilities of Institut Gustave-Roussy
(agreement No. D94076-11). Authorization for experiments was obtained from the Comité
d’Ethique en Expérimentation Animale Paris-11.
TC-1 cells (Murine adenocarcinoma lung) were grown in RPMI 1640 medium with 10%
fetal bovine serum or conditioned medium isolated from fibroblasts culture.
2- Chemicals
The Inhibitor of TGF-β type I receptor (ALK5, ALK4 and ALK7), SB 431542 was used at
10 mM and the MMP Inhibitor, O-Phenanthroline at 100 mM. Both were bought from Santa
Cruz.
3- Culture with Conditioned Medium (CM)
Briefly, fibroblasts and TC-1 cells were cultured into their preferred medium as described.
Then 24Hrs before experiments medium was changed to 50% RPMI + 50% DMEM with peni-
cillin /streptomycin, ITS and Hepes. This medium supports normal growth of both TC-1 cells
and fibroblasts. The same medium is used for all conditions (non-irradiated/irradiated). The
various experimental conditions are summarized in Fig. 1A and 1B. After culture with condi-
tioned medium (CM) supernatants and cells were prepared for analysis as indicated.
4- Irradiation
TC-1, Wt and RhoB-/- fibroblasts were grown to 80% confluence, culture medium was re-
placed with FCS-free medium before irradiation. TC-1 and fibroblasts were irradiated with
Cs137 (IBL-637 (CIS-BioInternational, France) gamma irradiator (dose rate 1Gy/Min) at indi-
cated dose.
5- Clonogenic Assay
TC-1 cells were plated at different cellular density. 4h after seeding, cells were irradiated at
doses ranging from 0 to 10 Gy (Cesium = Cs137, 1 Gy/min, gamma irradiator IBL-637 from
CIS-BioInternational, IBA, Saclay, France). Cells were incubated for 5–7 days under standard
culture conditions and colonies were stained with crystal violet, washed and counted. The
same is done with conditioned medium added from non irradiated/irradiated Wt and RhoB -/-
fibroblasts to TC-1 cells irradiated/non irradiated. Colonies with more than 50 cells were
counted and surviving fraction (SF) for each was calculated by dividing the number of cell
clones by the number of cells plated and was normalized to the ratio of clonogenic survival of
non-irradiated controls and clonogenic survival for each radiation dose.
6- Wound Healing Assay
Wild type (Wt), RhoB-/- Fibroblasts and TC-1 cells were grown to confluence in 6-well culture
plates. Cells were irradiated at 10Gy. 24 hours later cell layers were wounded using a sterile
200 ml pipette tip and dead cells are washed out, then conditioned medium was added. Images
are captured at 0hr with Nikon Phase contrast, Japan at 10× and plates were returned to the in-
cubator to recover from wounding. After 24 Hrs culture plates were removed and monolayers
were photographed again. Wound width was measured on hard copy prints of the images.
Simultaneous Irradiation of Fibroblasts and Carcinoma Cells
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7- Electrophoresis andWestern-Blotting
Cell lysate are prepared with RIPA lysis buffer (Sigma Biotech). Protein concentration was
measured using a BioRad protein assay and proteins were submitted to electrophoresis. Prima-
ry antibodies were diluted in TBS-T solution (Vimentin (E-5) dil 1:1000 from Santa Cruz Bio-
technology, Snail (C15D3) 1:1000, TGF β1(V) 1:250 all from Cell Signaling, αSMA 1:500 from
Abcam and GAPDH 1:5000 from Millipore overnight at 4°C, washed next day in TBS-T and
incubated with the horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary an-
tibody. The blots are developed using SuperSignal West Pico Chemiluminiscent Substrate
(Pierce Biotechnology, IL) according to the manufacturer’s instructions. The chemiluminis-
cence signal from the membranes was detected and evaluated using G-box iChemi XT4 digital
imaging device (Syngene Europe, Cambridge). Quantification was performed using Image
J software. Relative proteins expression are normalized to the respective value for GAPDH.
8- Cytokine Array Analysis
Conditioned medium (undiluted) was probed for secreted cytokine profiling using the RayBio
Mouse Cytokine Antibody Array 3 and 4 kits according to the manufacturer’s instructions
Figure 1. Experimental Scheme. A) Step 1Wt and RhoB-/- fibroblasts are cultured at subconfluence and irradiatedTC-1 are also cultured at
subconfluency. Step 2 After 24hrs, Conditioned media (CM) produced by the three type of cells irradiated or not are collected. CM from irradiated or Wt and
RhoB -/- fibroblasts are used to culture TC-1 CM from TC-1 is used to culture Wt and RhoB-/- fibroblasts Step 3 24hrs later various experiments are
performed. B) For simultaneous irradiation experiments. Left panel Step 1 TC-1 Cells are irradiated Step 2 24h later irradiation TC-1 medium is replaced by
the CM produced by irradiatedWt or RhoB-/- fibroblasts Step 3 24 h later experiments are performed: Right panel Step 1Wt and RhoB -/- fibroblasts are
irradiated Step 2 24h later irradiation fibroblasts medium is replaced by the CM produced by irradiated TC-1 Step 3 24 h later experiments are performed.
doi:10.1371/journal.pone.0115447.g001
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(RayBiotech; Norcross, GA, USA). Quantification was done by Genetools from Syngene. Data
were imported into an Excel spreadsheet, normalized against a control across membranes and
final values were calculated
9- Zymography
Zymography was performed on CM using Novex Zymogram Gels (Invitrogen) following the
manufacturer’s protocol as described previously [18].
10- Statistical Analysis
Data obtained is the result of 3 independent experiments done in duplicate. Statistical analysis
was performed using Graphpad prism 5. Statistical analysis were expressed as mean SEM
and analyzed using the ANOVA and the Student Newman Keul’s test with a p value< 0.05
was considered significant.
Results
1. Paracrine Signals Secreted By Fibroblasts do not modulate TC-1
Radiosensitivity
To test whether paracrine signals secreted by fibroblasts would have an effect on the intrinsic
radiosensitivity of TC-1 cells, we produced conditioned medium fromWt and RhoB -/- fibro-
blasts and used them to culture TC-1 in clonogenic survival assay. Fig. 2A showed that media
conditioned by fibroblasts (irrespective of their genotype) do not modify TC-1 intrinsic radia-
tion sensitivity assessed by clonogenic assays, suggesting that signals triggered by irradiation
are stronger than survival signals triggered by fibroblasts.
Figure 2. TC-1 Clonogenic Survival Curve: Paracrine signals secreted by fibroblasts do not modulate TC-1 intrinsic radiation sensitivity. A)Media
conditioned by fibroblasts do not modify TC-1 intrinsic radiation sensitivity. B) Conditioned Media (CM) isolated from irradiatedWt and RhoB-/- fibroblasts
increase the clonogenic potential of non-irradiated TC-1 cells.
doi:10.1371/journal.pone.0115447.g002
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Interestingly, CM isolated from irradiated Wt and RhoB-/- fibroblasts do alter clonogenicity
and survival of non-irradiated TC-1, suggesting that paracrine signals are produced by irradiat-
ed fibroblasts and alter TC-1 clonogenic potential (Fig. 2B).
2. Paracrine Signals secreted by fibroblasts enhance TC-1 migration
We assessed whether irradiation modulated TC-1 cell motility and showed that TC-1 migra-
tion reduced with increasing dose of irradiation. Then, we showed that conditioned medium
(CM) produced by non-irradiated Wt fibroblasts had no effect on TC-1 cell migration, whereas
CM produced by 10 Gy irradiated fibroblasts significantly stimulated TC-1 cells migratory ca-
pability (Fig. 3A). Interestingly when TC-1 are irradiated and cultured in CM produced by
10Gy irradiated Wt fibroblasts (Fig. 3B), TC-1 cell migration returned to normal level. Along-
side we showed that CM produced by non-irradiated RhoB-/- fibroblasts increased TC-1 cell
migration more significantly than Wt fibroblasts, suggesting that RhoB deficiency promote the
production of pro-migratory signals. This stimulation is further enhanced by 10 Gy irradiated
Figure 3. Paracrine Signals secreted by fibroblasts enhance TC-1 migration.Migratory potential of TC -1 cells was analyzed and quantified in various
culture conditions at 0 and 24 Hrs after wounding. Culture conditions are: cultured TC-1 non-Irradiated (0Gy) and Irradiated at 2, 10 Gy alone or cultured
using conditioned media fromWt and RhoB -/- fibroblasts. Images are recorded at x20 with Nikon Phase contrast, Japan. In all cases, differences were
considered significant at: * P<0.05; ** P<0.01; *** P<0.001.
doi:10.1371/journal.pone.0115447.g003
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RhoB-/- fibroblasts (Fig. 1A) but repressed back to the control level when TC-1 are irradiated
at 10 Gy and cultured in CM produced by irradiated RhoB -/- fibroblasts (Fig. 1B, 3A and 3B).
3. TC-1 migration is mediated by MMP
To search for mediators of TC-1 cell invasiveness and migration, we investigated the secretome
of TC-1 cultured alone or cultured for 24h with CM produced by Wt and RhoB-/- fibroblasts
irradiated or not. While most tested proteins (96) were not affected, production of IL-6, bFGF,
CXCL 16, sTNF RI, MMP 2, MMP 3, Pro MMP 9 were significantly stimulated when TC-1
were cultured with fibroblast’s CM (Fig. 4A). Interestingly, CM from RhoB deficient fibroblasts
modulated more proteins secreted by TC-1 than CM fromWt, with a marked increase in Pro
MMP-9, MMP-3 and MMP-2.
We confirmed MMP induction by zymogram analysis. Our results show a weak secretion of
MMP 2 and MMP 9 when TC-1 are cultured alone, slightly enhanced when TC-1 are irradiated
(10 Gy). CM of Wt fibroblasts irradiated or not does not change the level and activity of
MMP2/9 produced by TC-1, whereas CM from RhoB-/- fibroblasts irradiated or not
Figure 4. A) Cytokine Array Analysis: performed on TC-1 secretome to search for mediators of Increase TC-1 invasiveness. Significantly upregulated
cytokines are shown.B) MMP secretion from TC 1 cells. Zymography was performed on conditioned media collected from TC-1 cells 24h after culture with
conditioned media fromWt and RhoB-/- fibroblasts.C) Modulation of TC-1 migration by O-Phenanthroline. Migratory potential of TC-1 cells was analyzed
and quantified in various culture conditions at 0 and 24 h after wounding. Culture conditions are: CM from TC-1 non Irradiated (0Gy) and irradiated at 2, 10 Gy
alone or cultured with CM fromWt fibroblasts with O-Phenanthroline. Images are acquired at x20 with Nikon Phase contrast, Japan. In all cases, differences
were considered significant at: * P<0.05; ** P<0.01; *** P<0.001.
doi:10.1371/journal.pone.0115447.g004
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significantly enhance level and activity of proMMP2, MMP2 and MMP9 (Fig. 4B) in TC-1
secretome. This suggests that RhoB deficient fibroblasts secrete MMPs and/or paracrine fac-
tors, that remain to be identified, but that are able to enhance MMPs secretion in TC-1. As
MMPs are known to degrade the extracellular matrix, we postulated that they could be in-
volved in the enhanced migration of TC-1 and confirmed this hypothesis using the MMP in-
hibitor O-phenanthroline. Our results show that O-phenanthroline inhibited TC-1 migration
cultured with CMmedium produced by RhoB -/- fibroblasts irradiated or not (Fig. 4C). Note
that in RhoB deficient fibroblasts, the secretion of MMP2 and 9 was not modulated by irradia-
tion nor by CM produced by TC-1 (S1 Fig.), supporting the fact that MMP induction was
TC-1 mediated.
4. TGF-β1 is secreted by Wt but not RhoB -/- fibroblasts
Then we aimed to identify the pro-invasive mediators produced by Wt and RhoB-/- fibroblasts
upon irradiation and found that TGF-β1 production was indeed stimulated by irradiation in a
dose dependent manner in Wt fibroblast but not in RhoB-/- fibroblasts (S2 Fig.). When Wt
Fibroblasts were cultured with CM collected from TC-1, TGF-β1 production by Wt fibroblasts
was further enhanced, whereas when Wt fibroblasts were irradiated and cultured with CM pro-
duced by 10Gy irradiated TC-1 TGF-β production was repressed (Fig. 1B and 5A). We further
confirmed the role of TGF-β1 in accelerated wound closure of TC-1 cells by utilizing SB-
431542, a TGF-β inhibitor. We noticed that SB-431542 inhibited Wt fibroblasts induced TC-1
Figure 5. A) Effect of Irradiation and culture with CM on TGF-β Expression in Wt fibroblasts.Whole cell lysate fromWt Fibroblasts was subjected to
Western Blot using antibodies for TGF-β1 (13 kDa). Histogram shows relative protein levels normalized to the intensity of the corresponding GAPDH values.
In all cases, differences were considered significant at: * P<0.05; ** P<0.01; *** P<0.001.B) Modulation of TC-1 migration by SB 41542. Migratory
potential of TC-1 cells was analyzed and quantified in various culture conditions at 0 and 24 Hrs after wounding. Culture conditions are: CM from TC-1 non
Irradiated (0Gy) and irradiated at 2, 10 Gy alone or cultured with CM fromWt fibroblasts with SB41542. Images are acquired at ×20 with Nikon Phase
contrast, Japan. In all cases, differences were considered significant sat: * P<0.05; ** P<0.01; *** P<0.001.
doi:10.1371/journal.pone.0115447.g005
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cell motility and delayed the wound closure (Fig 5B) whereas, RhoB-/- induced TC-1 cell mo-
tility remained unaffected (S3 Fig.)
5. TGF-β1 production induces EMTmarkers in TC-1
Then, we investigated whether the variation of migratory potential of TC-1 cells was associated
with altered phenotype and induction of two EMT makers, Vimentin and Snail, in carcinoma
cells. Fig. 6 showed that ionizing radiation does not promote Vimentin and Snail expression in
TC-1 nor does the CM fromWt fibroblasts supporting the Scratch assay’s results (Fig. 3). How-
ever, CM produced by 10 Gy irradiated fibroblasts stimulated both Vimentin and Snail protein
expression in TC-1 suggesting induction of an EMT phenotype by paracrine factors secreted
by irradiated fibroblasts. Surprisingly, simultaneous irradiation of Wt fibroblast and TC-1 fur-
ther enhanced Vimentin expression but has no effect on Snail, suggesting that the decreased
migration observed by scratch assay was not associated with alteration of the EMT phenotype.
CM from RhoB-/- fibroblasts do not induce Vimentin nor Snail protein expression in TC-1
suggesting that the enhanced migration observed by scratch assay is mediated by another
mechanisms. However when irradiated, RhoB-/- fibroblasts stimulate Vimentin and Snail in
TC-1. As for Wt fibroblast, simultaneous irradiation of RhoB-/- fibroblast and TC-1 further
enhance Vimentin expression but has no effect on Snail (Fig. 6). These results suggest that
Figure 6. TC-1 enhancedmigration is associated with induction of EMTmarkers: TC-1 lysate was subjected to Western Blot using antibodies for
Vimentin (57kDa) and Snail (29kDa). Histograms show the relative protein levels of each normalized to the intensity of the corresponding GAPDH values. In
all cases, differences were considered significant at: * P<0.05; ** P<0.01; *** P<0.001.
doi:10.1371/journal.pone.0115447.g006
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various and independent paracrine factor are produced by irradiation of fibroblasts and inde-
pendently modulate migration and EMT phenotype.
Discussion
In our present study, we investigated the crosstalk between stromal and carcinoma cells after ir-
radiation and postulated that fibroblasts would promote TC-1 tumor migration after irradia-
tion whereas deficiency in RhoB a protein described to be profibrogenic would prevent it. Our
data are different from our initial hypothesis as RhoB deficient fibroblasts enhanced TC-1
migration more potently than Wt fibroblasts do. RhoB deficient fibroblasts stimulated MMP
secretion in TC-1 cells thus favoring their migration, whereas Wt fibroblasts stimulated TC-1
migration via TGF-β1 and induction of EMT in TC-1 cells (Fig. 7). We also found that TC-1
intrinsic radiation sensitivity was not altered by conditioned-medium (CM) produced by Wt
and RhoB deficient fibroblasts but that clonogenic potential of TC-1 was impaired by diffusible
factors secreted by irradiated fibroblasts. Lastly, we found that paracrine factors secreted by ir-
radiated TC-1 tumor cells when cultured in media conditioned by irradiated fibroblasts inhib-
ited both TGF-β1 and MMP induction and repressed their migration.
Figure 7. Summary of the findings.
doi:10.1371/journal.pone.0115447.g007
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Our results show that intrinsic radiosensitivity of carcinoma cells TC-1 is not altered by
paracrine mediators secreted by non-irradiated stroma but show that the secretion of soluble
factors by irradiated stromal cells promotes TC-1 migration and potential metastatic escape.
This result is consistent with the literature [19, 20] and as expected we found that TGF-β1 was
a stimulatory factors produced by irradiated Wt fibroblast. MH. Barcellos-Hoff’s Group has
demonstrated a major contribution for TGF-β1 produced by irradiated stroma to carcinogene-
sis [21]. TGF-β1 is also known to be the main inducer of reactive stroma and promote chemo-
taxis of fibroblasts and their transdifferentiation into myofibroblasts [22] by turning on
expression of alpha-smooth muscle actin (αSMA). The presence of myofibroblasts-like cells,
called CAF, in the tumor stroma may provide a source of growth factors, but could also be in-
volved in connective tissue remodeling allowing expansion and invasion of tumors [23]. In ad-
dition, TGF-β1 immunosuppressive function may promote tumor growth and expansion by
induction of immune anergy in tumor’s stroma [24].
The use of primary lung fibroblasts isolated from RhoB deficient transgenic mice allowed us
to identify activation of 3 major proteins in the secretome of TC-1 tumor cells cultured with
conditioned media produced by these fibroblasts: MMP, bFGF and IL-6. Production of MMP3,
9 and bFGF were specifically found to be stimulated in tumor cells when cultured with media
conditioned by RhoB -/- fibroblasts but repressed when RhoB -/- fibroblasts were irradiated.
As suggested by the literature [25], we postulated that this increased expression of MMPs was
associated with tumor invasion and indeed MMP inhibition in co-culture conditions repressed
TC-1 migration as assessed in wound closure assay. Beside modulation of the migratory prop-
erties of cancer cells, RhoB -/- fibroblasts seemed to modulate both vascular remodeling and
immune infiltration signals in tumor cells. Both MMP9 and bFGF are indeed involved in the
regulation of vascular function after high doses of irradiation: MMP9 regulates vasculogenesis
and recruitment of myeloid cells [26] whereas bFGF is a major pro-angiogenic factor [27, 28].
Our co-culture system does not allow direct assessment of the vascular and immune contribu-
tion: Therefore, additional in vivo experiments in immuno-competent mice will be needed to
conclude. However, the notion that stromal cells could promote an immunostimulating milieu
is further supported by our simultaneous finding of IL-6 induction whose secretion is stimulat-
ed in TC-1 cells when they are cultured with medium conditioned by RhoB-/- fibroblasts and
further enhanced when tumor cells are cultured in conditioned medium by irradiated RhoB-/-
fibroblasts. IL-6 is also upregulated by culture with media conditioned by Wt fibroblast but to
a lesser extent. IL-6 is one of the best-characterized pro-inflammatory cytokines [29, 30] and
our results strongly suggest that after high dose of radiation stromal cells are able to modify the
milieu and induce tumor cells to secrete factors able to alter immune infiltrate. Whether we
can modify stromal response and peri-tumoral milieu to trigger immuno-stimulatory (IL-6) vs
immune-suppressive (TGF-β) response needs to be investigated in detail but our results suggest
that RhoB targeting could be a mean to achieve this goal.
Lastly and more interestingly, our results bring a completely new vision and suggest that
paracrine factors produced by simultaneous irradiation of tumor cells and fibroblasts abrogate
migration of tumor cells. This is more relevant to the clinical situation and in accordance with
clinical findings, but challenges previous publication including Ohuchida et al. and Hwang et
al. papers [19, 20] who showed that coculture with irradiated fibroblasts enhanced the invasive
potential of pancreatic cancer cells. They concluded that tumor/stroma interactions would
stimulate metastasis after irradiation. Although we confirmed that irradiation of fibroblasts (ir-
respective of their genotype but via distinct mechanisms) promotes TC-1 invasive potential,
this set-up is poorly relevant to the clinical situation, as stroma is never irradiated alone but on
the contrary simultaneous irradiation of tumors and surrounding stroma is always performed
with sufficient safety margins. Therefore and to stick to the clinical situation, we
Simultaneous Irradiation of Fibroblasts and Carcinoma Cells
PLOS ONE | DOI:10.1371/journal.pone.0115447 January 30, 2015 11 / 14
simultaneously irradiated fibroblasts and TC-1 carcinoma cells and in that case our results
bring to a different conclusion as we show that simultaneous irradiation of tumor cells and fi-
broblasts repressed the pro-migratory signals, suggesting that conversely to what was previous-
ly described radiotherapy rather prevented metastatic spread than promoted it.
In conclusion, stromal component of the tumor do secrete pro-migratory factors as function
of their genotype. Wt fibroblasts pro-migratory action is mainly TGF-βmediated whereas
RhoB deficient fibroblasts stimulate MMP secretion by TC-1. In addition and interestingly
RhoB deficiency in the stroma enhanced tumor cell migration but simultaneously stimulated
pro-inflammatory signals (IL-6) that would impact on immune recruitment and favor anti-
tumor immune response. Lastly, our results challenges the view that irradiated stroma would
promote migration of carcinoma cells as we show that independently from their genotype
paracrine factors secreted after simultaneous irradiation of fibroblasts and carcinoma cells re-
pressed carcinoma cell migration.
Supporting Information
S1 Fig. MMP secretion from RhoB-/- Fibroblasts. Zymography was performed on condi-
tioned media collected from RhoB-/- fibroblasts, 24hrs after culture with CM from TC-1 cells.
(TIF)
S2 Fig. Effect of Irradiation and culture with CM on TGF-β Expression in RhoB-/- fibro-
blasts.Whole cell lysate from RhoB-/- Fibroblasts was subjected to Western Blot using anti-
bodies for TGF-β1 (13 kDa). Histogram shows relative protein levels normalized to the
intensity of the corresponding GAPDH values. In all cases, differences were considered signifi-
cant at:  P<0.05.
(TIF)
S3 Fig. Modulation of TC-1 migration by SB 41542.Migratory potential of TC-1 cells was
analyzed and quantified in various culture conditions at 0 and 24 Hrs after wounding. Culture
conditions are: CM from TC-1 non Irradiated (0Gy) and irradiated at 2, 10 Gy alone or cul-
tured with CM from RhoB -/-fibroblasts with SB41542. Images are acquired at x20 with
Nikon Phase contrast, Japan. In all cases, differences were considered significant at:  P<0.05;
 P<0.01;  P<0.001.
(TIF)
Acknowledgments
AA was supported by Scholarship Grant from Higher Education Commission of Pakistan and
Fondation Gustave Roussy. The work was supported by Fondation Gustave Roussy Grant.
Inserm U1030 is a member of the Laboratory of Excellence LERMIT supported by a grant
from ANR (ANR-10-LABX-33).
Author Contributions
Conceived and designed the experiments: AAMCV. Performed the experiments: AA. Ana-
lyzed the data: AA MCV. Contributed reagents/materials/analysis tools: MCV ED. Wrote the
paper: AA MCV. Made critical revision of manuscript: ED.
References
1. Dvorak HF (1986) Tumors: wounds that do not heal. Similarities between tumor stroma generation and
wound healing. N Engl J Med 315: 1650–1659. doi: 10.1056/NEJM198612253152606 PMID: 3537791
Simultaneous Irradiation of Fibroblasts and Carcinoma Cells
PLOS ONE | DOI:10.1371/journal.pone.0115447 January 30, 2015 12 / 14
2. Haddow A (1972) Molecular repair, wound healing, and carcinogenesis: tumor production a possible
overhealing? Adv Cancer Res 16: 181–234. PMID: 4563044
3. Barcellos-Hofs MH, Park C, Wright EG (2005) Radiation and the microenvironment tumorigenesis and
therapy. Nat Rev Cancer 5: 867–875. doi: 10.1038/nrc1735 PMID: 16327765
4. Barcellos-Hoff MH, Ewan KB (2000) Transforming growth factor-beta and breast cancer: Mammary
gland development. Breast Cancer Res 2: 92–99. doi: 10.1186/bcr40 PMID: 11250698
5. Barcellos-Hoff MH (1993) Radiation-induced transforming growth factor β and subsequent extracellular
matrix reorganization in murine mammary gland. Cancer Res 53: 3880–3886. PMID: 8358713
6. Barcellos-Hoff MH, Ravani SA (2000) Irradiated mammary gland stroma promotes the expression of tu-
morigenic potential by unirradiated epithelial cells. Cancer Res 60: 1254–1260. PMID: 10728684
7. Yarnolda J, Vozenin Brotons M-C (2010) Pathogenetic mechanisms in radiation fibrosis. Radiother
Oncol 97: 149–161. doi: 10.1016/j.radonc.2010.09.002 PMID: 20888056
8. Lewis MP, Lygoe KA, NystromML, AndersonWP, Speight PM, et al. (2004) Tumour derived TGF-β1
modulates myofibroblast differentiation and promotes HGF/SF-dependent invasion of squamous carci-
noma cells. Br J Cancer 90: 822–832. doi: 10.1038/sj.bjc.6601611 PMID: 14970860
9. Jaffe AB, Hall A (2005) Rho GTPases: biochemistry and biology. Annu Rev Cell Dev Biol 21: 247–269.
doi: 10.1146/annurev.cellbio.21.020604.150721 PMID: 16212495
10. Fritz G, Kaina B (1997) RhoB encoding a UV-inducible Ras-related small GTP-binding protein is regu-
lated by GTPases of the Rho family and independent of JNK, ERK, and p38 MAP kinase.J Biol Chem
272: 30637–30644. doi: 10.1074/jbc.272.49.30637 PMID: 9388198
11. Wherlock M, Gampel A, Futter C, Mellor H (2004) Farnesyltransferase inhibitors disrupt EGF receptor
traffic through modulation of the RhoB GTPase. J Cell Sci 117: 3221–3231. doi: 10.1242/jcs.01193
PMID: 15226397
12. Prendergast GC, Khosravi-Far R, Solski PA, Kurzawa H, Lebowitz PF, et al. (1995) Critical role of Rho
in cell transformation by oncogenic Ras. Oncogene 10: 2289–2296. PMID: 7784077
13. Rodriguez PL, Sahay S, Olabisi OO, Whitehead IP (2007) ROCK I-mediated activation of NF-kappa B
by RhoB. Cell Signal 19: 2361–2369. doi: 10.1016/j.cellsig.2007.07.021 PMID: 17728102
14. Verrecchia F, Chu ML, Mauviel A (2001) Identification of novel TGF-beta/Smad gene targets in dermal
fibroblasts using a combined cDNAmicroarray/promoter transactivation approach. J Biol Chem 276:
17058–17062. doi: 10.1074/jbc.M100754200 PMID: 11279127
15. Moustakas A, Stournaras C (1999) Regulation of actin organization by TGF-beta in H-ras-transformed
fibroblasts. J Cell Sci 112: 1169–1179. PMID: 10085252
16. Liu AX, Rane N, Liu JP, Prendergast GC (2001) RhoB is dispensable for mouse development, but it
modifies susceptibility to tumor formation as well as cell adhesion and growth factor signaling in trans-
formed cells. Mol Cell Biol 21: 6906–6912. doi: 10.1128/MCB.21.20.6906-6912.2001 PMID: 11564874
17. Liu A-X, DuW, Liu J-P, Jessell TM, Prendergast GC (2000) RhoB alteration is necessary for the apo-
ptotic and antineoplastic responses to farnesyltransferase inhibitors. Mol Cell Biol 20: 6105–6113. doi:
10.1128/MCB.20.16.6105-6113.2000 PMID: 10913192
18. Hu X, Beeton C (2010) Detection of Functional Matrix Metalloproteinases by Zymography. J Vis Exp 8;
(45). pii: 2445. doi: 10.3791/2445 PMID: 21085107
19. Ohuchida K, Mizumoto K, Murakami M, Qian LW, Sato N, et al. (2004) Radiation to stromal fibroblasts
increases invasiveness of pancreatic cancer cells through tumor stromal interactions. Cancer Res 64:
3215–3222. doi: 10.1158/0008-5472.CAN-03-2464 PMID: 15126362
20. Hwang RF, Moore T, Arumugam T, Ramachandran V, Amos KD, et al. (2008) Cancer-associated stro-
mal fibroblasts promote pancreatic tumor progression. Cancer Res 68: 918–926. doi: 10.1158/0008-
5472.CAN-07-5714 PMID: 18245495
21. Verrecchia F, Chu ML, Mauviel A (2001) Identification of novel TGF-β/Smad gene targets in dermal fi-
broblasts using a combined cDNAmicroarray/promoter transactivation approach. J Biol Chem 276:
17058–17062. doi: 10.1074/jbc.M100754200 PMID: 11279127
22. Barcellos-Hoff MH, Ewan KB (2000) Transforming growth factor-beta and breast cancer: Mammary
gland development. Breast Cancer Res 2: 92–99. doi: 10.1186/bcr40 PMID: 11250698
23. DeWever O, Mareel M (2003) Role of tissue stroma in cancer cell invasion. J Pathol 200: 429–447.
doi: 10.1002/path.1398 PMID: 12845611
24. Principe DR, Doll JA, Bauer J, Jung B, Munshi HG, et al. (2014) TGF-β: Duality of Function Between
Tumor Prevention and Carcinogenesis. J Natl Cancer Inst 106: djt369. doi: 10.1093/jnci/djt369 PMID:
24511106
Simultaneous Irradiation of Fibroblasts and Carcinoma Cells
PLOS ONE | DOI:10.1371/journal.pone.0115447 January 30, 2015 13 / 14
25. Johnsen M, Lund LR, Rømer J, Almholt K, Danø K (1998) Cancer invasion and tissue remodeling: com-
mon themes in proteolytic matrix degradation. Curr Opin Cell Biol 10: 667–671. doi: 10.1016/S0955-
0674(98)80044-6 PMID: 9818179
26. Ahn GO, Brown JM (2008) Matrix metalloproteinase-9 is required for tumor vasculogenesis but not for
angiogenesis: role of bone marrow-derived myelomonocytic cells. Cancer Cell 13: 193–205. doi: 10.
1016/j.ccr.2007.11.032 PMID: 18328424
27. Farhat FS, Tfayli A, Fakhruddin N, Mahfouz R, Otrock ZK, et al. (2012) Expression, prognostic and pre-
dictive impact of VEGF and bFGF in non-small cell lung cancer. Crit Rev Oncol Hematol 84: 149–160.
doi: 10.1016/j.critrevonc.2012.02.012 PMID: 22494932
28. Dowlati A, Gray R, Sandler AB, Schiller JH, Johnson DH (2008) Cell adhesion molecules, vascular en-
dothelial growth factor, and basic fibroblast growth factor in patients with non-small cell lung cancer
treated with chemotherapy with or without bevacizumab—an Eastern Cooperative Oncology Group
Study. Clin Cancer Res 14, pp. 1407–1412. doi: 10.1158/1078-0432.CCR-07-1154 PMID: 18316562
29. Garbers C, Hermanns HM, Schaper F, Muller-Newen G, Grotzinger J, et al. (2012) Plasticity and cross-
talk of interleukin 6-type cytokines. Cytokine Growth Factor Rev 23: 85–97. doi: 10.1016/j.cytogfr.
2012.04.001 PMID: 22595692
30. Guo Y, Xu F, Lu T, Duan Z, Zhang Z (2012) Interleukin-6 signaling pathway in targeted therapy for can-
cer. Cancer Treat Rev 38: 904–910. doi: 10.1016/j.ctrv.2012.04.007 PMID: 22651903
Simultaneous Irradiation of Fibroblasts and Carcinoma Cells
PLOS ONE | DOI:10.1371/journal.pone.0115447 January 30, 2015 14 / 14
